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To be able to mitigate the effects of inland oil spills in freshwater environments, a fast, 
robust, user-friendly model is required for rapid response purposes. Being able to predict the fate 
and transport of oil-particle aggregates (OPA) is important for alleviating much of the long-term 
effects of riverine spills. A model for this purpose is developed by incorporating OPA formation 
algorithms from suspended sediments to an existing model that has the capability of transporting 
pre-formed OPA with a random walk scheme through unsteady HEC-RAS domains. For the sake 
of showing the importance of considering OPA formation, a range of parameters were tested 
with and without OPA formation. The main parameters tested in this research are the oil droplet 
diameter, suspended sediment grain size, and the magnitude of flow velocity. The conditions in 
which it is most important to consider OPA formation for accurate transport predictions are small 
oil droplet diameters, large sediment grain sizes, and low flow velocities. Under the inverse 
conditions, there is little benefit for modeling OPA formation. This knowledge will be important 
for users to consider while making decisions with this model for oil spill rapid response for the 
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CHAPTER 1: INTRODUCTION 
 
The petroleum industry is a crucial part of the world economy. The oil and gas extraction 
subsector accounts for over 150,000 jobs in the United States (BLS, 2020). However, oil spills 
are an unavoidable side effect of the industry and can take years of cleanup and millions of 
dollars in order to restore the damaged environment in which they occur (EPA, 2017). As of 
2018, the oil pipeline network in the United States, including crude and product lines, sits at over 
200,000 miles (US DOT, 2020b). Thus, understanding the fate and transport of the contaminants 
released into the freshwater environment is key to mitigating the impact of these inevitable 
events. A notable inland oil spill event was the Enbridge Inc. pipeline rupture that occurred on 
July 26, 2010 in the Kalamazoo River in Michigan (Fitzpatrick et al., 2015b; EPA, 2017). In 
total, an estimated 843,000 gallons of oil entered a tributary of the Kalamazoo River through a 
reported 30-inch rupture (EPA, 2016). Cleanup and recovery of the river was still underway until 
the Environmental Protection Agency (EPA) demobilized from the site in November 2014 (EPA, 
2016). Much of the long-term cleanup efforts focused on dredging and remediating contaminated 
sediments in the river (EPA, 2016). The oil deposits in the form of oil-particle aggregates (OPA), 
which are created post-spill via interactions with sediment and organic matter, eventually settle 
at the river bed (Lee, 2002). This spill is of particular note because it has inspired much research 
into fluvial oil spills (Fitzpatrick et al., 2015a; Waterman and Garcia, 2015; Soong et al., 2018; 
Jones, 2018; Jones and Garcia, 2018). 
Oil droplets break off an oil slick due to turbulent mixing. As the droplets are entrained 
into the water column, they can interact with any suspended particles, but mainly sediments 
(Zhao et al., 2016). Once an oil droplet collects enough sediment particles, they become dense, 
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and the turbulence in the body of water can no longer keep them in suspension (Gong et al., 
2014). The OPA formation and settling process would be important to model for predicting the 
fate and transport of oil in the event of a spill. Weathering, stranding, biodegradation, advection, 
dispersion, entrainment, resuspension, and sedimentation can all occur to oil after an accidental 
spill in an aquatic environment (Gong et al., 2014; Fitzpatrick et al., 2015a). Some previous 
models exist in the literature to predict the fate and transport of oil in marine environments 
(Bandara et al., 2011; Fitzpatrick et al., 2015a; Khelifa et al., 2005a, b). However, there have 
been limited efforts to predict the transport of oil in fluvial environments relative to the need 
(Yapa et al., 1994; Fitzpatrick et al., 2015a; Great Lakes Commission, 2015). V-drop was a 
model that predicted the oil droplet size distribution (DSD) that breaks off of the oil slick due to 
turbulence as a function of oil-water interfacial tension and oil viscosity (Zhao et al., 2014). The 
A-Drop model was able to predict the formation of OPA from oil droplets and sediment (Zhao et 
al., 2016). A more recent model was developed exploring OPA formation based confocal 
microscope imaging of OPAs formed in turbulent flows (Zhao et al., 2017).  
In the aftermath of the Enbridge pipeline spill in the Kalamazoo River, a 3D model was 
implemented to predict the fate of OPA in Morrow Lake, downstream from the spill site (Zhu, 
2015). However, 3D modeling is time consuming and computationally expensive, therefore, 1D 
modeling is explored as an alternative that would have the capability to explore a broad range of 
inputs to characterize the uncertainty of expected OPA depositional locations. A 1D model was 
developed that considered OPA formation using the oil and sediment coagulation algorithms of 
A-DROP (Zhao et al., 2016) and a random walk scheme to predict the transport of OPA in 
straight, rectangular channels (Jones, 2018; Jones and Garcia, 2018). However, this model was 
not particularly user friendly or able to be easily applied to unsteady flows in real river reaches, 
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which is paramount for rapid response applications. On the other hand, another 1D attempt at 
OPA transport modeling was modified from a model originally developed to predict the fate and 
transport of Asian carp eggs in fluvial environments known as FluOil (Garcia et al., 2013) and 
had the capability to accept unsteady flow and river geometry from HEC-RAS (Soong et al., 
2018). This model is fast and user friendly, but does not consider the formation of OPA from oil 
droplets and suspended sediments that would exist in the river.  
Objectives 
The primary objective of this research is to identify which conditions, if any, are 
beneficial to model OPA formation kinematics (Jones, 2018; Jones and Garcia, 2018; Zhao et al., 
2016) as opposed to considering OPA constant characteristics (Soong et al., 2018), where it is 
assumed that OPA form instantaneously. To achieve this objective, the oil-particle collision and 
aggregation algorithms of Zhao et al. (2016) are integrated as an optional module to the FluOil 
platform (Soong et al., 2018) and applied to OPA transport in the way of Jones and Garcia 
(2018). Considering different flow, oil droplet, and sediment characteristics, the location of the 
predicted downstream OPA plume and depositional areas are compared with and without 
modeling OPA formation. A case study of the Illinois River is developed for the purpose of 
demonstrating the importance of understanding input parameters to the FluOil model. Modeling 
OPA formation may not be important for predicting the fate and transport of oil in rapid response 
under some conditions, while it may produce drastically different results under others.  
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CHAPTER 2: MODEL THEORY 
 
The updated FluOil model builds on the previous versions’ random walk particle tracking 
model by incorporating the A-DROP formulation of Zhao et al. (2016) in the same fashion as 
Jones and Garcia (2018). FluOil is a Lagrangian Individual Based Model (IBM) and transports 
individual oil droplets/OPA (Garcia et al., 2013). The model theory describes how the algorithms 
of random walk transport and oil-sediment collision-aggregation are deployed together to model 
the fate and transport of oil droplets and OPA. 
2.1 Model Assumptions 
The proposed one-dimensional model makes several assumptions about the river domain 
and oil droplet/OPA behavior. The main assumptions are similar to those of Jones and Garcia 
(2018) but have been improved upon by the more robust flow capabilities of FluEgg (Garcia et 
al., 2013) and re-entrainment of FluOil (Soong et al., 2018) 
1. OPA have been shown to break up under conditions of high sediment concentration and 
turbulence (Zhao et al., 2017). However, it is assumed that oil droplets and OPA do not 
break up. The user defined size of oil droplets or OPA are assumed to be the final 
diameter of the particles. Oil droplets can increase in size by coalescing with sediment 
particles if the user is modeling these dynamics (Zhao et al., 2016).  
2. Modeling OPA coagulation only considers type 1 OPA, that is, large oil droplets with 
smaller sediment particles uniformly attached to the outer surface (Zhao et al., 2016). 
Constant OPA modeling allows a user to explore characteristics of other types of OPA 
by defining the diameter and fall velocity (Hayter et al., 2015). 
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3. Oil droplets and OPA do not interact with each other. Oil droplets and the OPA that they 
subsequently form only interact with sediment particles that are in suspension (Zhao et 
al., 2016). 
4. A Rouse-Vanoni suspended sediment profile is applied to each cell and is assumed to be 
at a steady equilibrium state (Garcia, 2008). It is assumed that the profile adjusts 
instantaneously to changes in hydraulic variables while modeling unsteady flows. This 
assumption eliminates the need for tracking individual sediment particles.  
5. Cross sections are assumed to be rectangular and flow velocity varies only in the vertical 
via a log-law profile.  
2.2 Courant condition 
Determining an appropriate time step is important to consider because the model is 
sensitive to this choice. The sensitivity to this parameter in this model is due to increased 
probability of collision between an OPA or oil droplet and sediment particles in a given step. 
With large time steps, oil droplets travel greater distances and therefore, interact with far more 
sediment particles. This uncertainty can contribute to error while modeling the coagulation of oil 
and sediment. To reduce this uncertainty, maximum allowable time step is applied to each reach 





 Equation 1 
where Co is the Courant number, which is set equal to one, U is the mean streamwise 
velocity, H is the depth of the flow, and Δt is the maximum allowable time step. The Courant 
condition is extended beyond Jones and Garcia (2018) to apply to each cell of a given reach. The 
minimum value of time step is therefore taken to be the maximum allowable timestep throughout 
the domain. While constant OPA modeling is not sensitive to the number of particles that are 
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interacted with, the same condition is applied to this module for consistency while modeling the 
transport and allowing comparisons to be made between these two modules.  
2.3 Log-Law Velocity Profiles 
The previous FluOil model allows users to select the type of velocity profile they wish to 
apply to each cell. The two choices are for a smooth (Equation 2) or rough (Equation 3) bottom 
boundary log-law for modeling the vertical distribution of streamwise velocity in flumes or 


















) + 8.5 Equation 3 
These two profiles are useful for making comparisons to experiments conducted in the 
laboratory and field data collected in fluvial environments. Specifically, this research will use the 
smooth boundary profile to compare FluOil to the model produced by Jones and Garcia (2018). 
The rough boundary profile will be used to conduct the body of this research as well as the case 
study of oil-particle transport in the Illinois River. 
2.4 Horizontal Transport & Boundary Conditions 
Longitudinal and lateral movements are made with an advective and a diffusive 
component. This random walk scheme follows the method of Garcia et al. (2013) and Jones and 
Garcia (2018): 
 𝑥𝑡+Δ𝑡 = 𝑥𝑡 + 𝑢Δ𝑡 + 𝑅𝑝√2𝐾𝐻Δ𝑡 Equation 4 






where 𝑥𝑡+∆𝑡 and 𝑦𝑡+∆𝑡 are the horizontal coordinates of an oil droplet or OPA at time 𝑡 +
∆𝑡, 𝑥𝑡 and 𝑦𝑡 are the horizontal coordinates of an oil droplet or OPA at time t, u is the 
streamwise flow velocity of the fluid at the oil droplet or OPA’s vertical position z, v is the 
lateral velocity that can be defined by the user, Rp is a random value from a normally distributed 
random variable with a mean of zero and a standard deviation of one (Visser, 1997), and KH is 
the horizontal turbulent diffusion and is assumed to be equal to (Fischer et al., 1979): 
 𝐾𝐻 = 0.6𝐻𝑢∗ Equation 6 
where H is the flow depth in the cell where the oil droplet or OPA is located and 𝑢∗ is the 
shear velocity in the corresponding cell (Garcia, 2008). The shear velocity is determined from 
the vertical velocity profile and the assumption that the mean streamwise velocity occurs at a 
value of 0.4H above the bed (Singh, 2012). 
2.5 Fall Velocity of Oil Droplets and OPA 
If modeling constant OPA characteristics, the fall velocity can be prescribed by the user. 
However, the fall velocity of oil droplets and OPA are made when the user is modeling the 
kinematics of oil-sediment coagulation. This capability is new to the FluOil model is applied to 
the random walk transport model in the same way as Jones and Garcia (2018). As oil droplets 
coagulate with sediment particles, their density becomes greater than the surrounding fluid and 





 Equation 7 
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where Vs is the fall velocity of the particle, g is the acceleration due to gravity, ρp is the 
density of the particle, ρw is the density of the water, D is the diameter of the particle, and CD is 
the drag coefficient. The density of water is dependent on the temperature of the fluid. 
The drag coefficient is dependent on the value of the Reynolds number of the particle and 






















+ 0.34    𝑓𝑜𝑟 1 <  𝑅𝑒 < 10,000
0.4                                        𝑓𝑜𝑟 𝑅𝑒 > 10,000
 Equation 9 
The equations for fall velocity, Reynolds number, and drag coefficient are solved 
iteratively until the fall velocity does not significantly change between iterations.  
Prior to oil droplet coagulation with sediment, or as this process just begins, the density 
of the particle may remain less than that of the water and be positively buoyant. In this event, oil 
droplets will have a negative fall velocity and uses the following formulation, which accounts for 





 Equation 10 
The Reynolds number of these particles can by characterized by the following 








− 1.7569 × 10−4𝑁𝐷
2 + 6.9252 × 10−7𝑁𝐷
3 − 2.3027 × 10−10𝑁𝐷
4     𝑓𝑜𝑟 𝑁𝐷 ≤ 73
log(𝑅𝑒) = −1.7095 + 1.33438𝑊 − 0.11591𝑊
2                                    𝑓𝑜𝑟 73 < 𝑁𝐷 ≤ 580
log(𝑅𝑒) = −1.81391 + 1.34671𝑊 − 0.12427𝑊
2 + 0.006344𝑊3              𝑓𝑜𝑟 𝑁𝐷 > 580
 Equation 11 
Where W and ND are computed as: 
9 
 






 Equation 13 
where μ is the dynamic viscosity of the fluid at the user defined temperature.  
2.6 Vertical Eddy Diffusivity 
The existing FluOil model provides users with three formulations of the vertical turbulent 
diffusivity to choose from: constant turbulent diffusivity, parabolic turbulent diffusivity, or 
parabolic-constant turbulent diffusivity. The vertical eddy diffusivity formulation is given by 
(Van Rijn, 1984): 
 𝐾𝑉 = 𝛽𝑇𝜈𝑇 Equation 14 
where 𝛽𝑇 is a factor that describes the difference in the diffusion of an individual oil 
droplet or OPA and the diffusion of a fluid particle. βT is described as follows (Van Rijn, 1984): 
 





 Equation 15 
where Vs is the magnitude of the fall velocity of the particle and 𝑢∗ is the shear velocity at 
the particle’s location and time. The variable that changes the type of vertical eddy diffusivity 
that is applied in the model is the fluid eddy viscosity, 𝜈𝑇, and is given by (Fischer et al., 1979; 





𝑢∗𝐻 Equation 16 
 𝑃𝑎𝑟𝑎𝑏𝑜𝑙𝑖𝑐: 𝜐𝑇 = 𝑘𝑢∗𝑧 (1 −
𝑧
𝐻
) Equation 17 
 














 Equation 18 
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The parabolic-constant fluid eddy viscosity formulation was used in Jones and Garcia 
(2018) and the default in FluOil’s predecessor FluEgg (Garcia et al., 2013) because it gives a 
better description of the concentration profile of suspended particles (Van Rijn, 1984). 
Therefore, a parabolic-constant eddy viscosity profile will be used in all experiments conducted 
later.  
2.7 Vertical Transport 
Vertical movement of oil droplets and OPA is determined by the vertical component of 
fluid flow, particle fall velocity, and vertical eddy diffusivity. The vertical coordinate is 
measured from the water surface such that all particles in the water column take a value less than 
zero. This vertical motion is given by (Zhu, 2015): 
 
𝑧𝑡+Δ𝑡 = 𝑧𝑡 + (𝑤 − 𝑉𝑠 +
𝜕𝐾𝑣
𝜕𝑧
) Δ𝑡 + 𝑅𝑝√2𝐾𝑣Δ𝑡 Equation 19 
where 𝑧𝑡+Δ𝑡 is the vertical coordinate of the oil droplet or OPA at time 𝑡 + Δ𝑡, 𝑧𝑡 is the 
vertical coordinate of the oil droplet or OPA at time t, and w is the vertical velocity component 
of the flow. Vs is the fall velocity of the particle at time 𝑡 + Δ𝑡 where buoyant particles have a 
negative fall velocity, thus working to raise the particle in the water column. The partial 




approximated by taking the derivative of the eddy viscosity equation with respect to z.  
2.8 Check Location 
The location of a particle is checked after it has been transported in each direction for a 
given time step. If a particle’s streamwise coordinate exceeds the cumulative distance associated 
with the downstream end of its current cell, it is moved the next cell which has a cumulative 
distance that is greater than the particle’s new longitudinal value. The hydraulic variables 
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associated with that particle’s location are then updated to reflect those present in that cell at the 
current time.  
2.9 Resuspension 
The bed shear stress for a given cell and time is given by (Garcia, 2008): 
 𝜏𝑏 = 𝜌𝑢∗
2 Equation 20 
When the bed shear stress exceeds the critical value defined by the user, the particle will 
be resuspended back into the water column. When resuspended, particles will be brought to a 
depth that corresponds to 95% of the total depth given by (Jones, 2018): 
 𝑧𝑟𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 = −0.95𝐻 Equation 21 
While the interactions of oil droplets and OPA at the bed is not fully understood, having 
this resuspension capability allows users to examine how higher flows can transport oil much 
further downstream through the constant re-entrainment of particles. Unsteady models would 
also be able to show how particles can remain in deposition for a period of time, until flow 
increases and the bed shear stress exceeds the critical level.  
2.10 Coagulation of Oil and Sediment 
The capability of modeling the kinematics that are responsible for coagulating oil 
droplets with sediment particles is important to understand where OPA may eventually deposit in 
the event of a fluvial oil spill. The formulation that is applied to the FluOil model comes heavily 
from the algorithms of Zhao et al. (2016) and is applied to the aforementioned transport 
algorithms in much the same way as Jones and Garcia (2018). The first step of modeling these 
dynamics is estimating the concentration of suspended sediment at the location of the particle. 
As oil particles come into contact with sediment, there is a probability that they will coagulate, 
forming an OPA (Waterman and Garcia, 2015). The suspended sediment concentration is 
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assumed in this model to be at a steady, equilibrium state that only varies in the vertical. This 





(1 − 𝜁) 𝜁⁄




 Equation 22 
where C is the volume concentration of suspended sediment at a given location, z, within 
the water column, Cb is the near-bed volume concentration of sediment, 𝜁 is the normalized 
height above the bed [(𝑧 + 𝐻) 𝐻⁄ ], 𝜁𝑏 is the normalized near-bed location of Cb and takes a 
value of 0.05 in this model (Garcia and Parker, 1991), 𝜅 is the von Karman constant (0.41), and 
Vsed is the fall velocity of the sediment particles. The sediment fall velocity is computed by 
(Dietrich, 1982): 
 𝑉𝑠𝑒𝑑 = 𝑅𝑓√𝑅𝑔𝐷𝑠𝑒𝑑 Equation 23 
where R is the submerged specific gravity of the sediment (equal to 1.65 for quartz), Dsed 
is the diameter of sediment particles, and Rf is an empirically determined value given by 
(Dietrich, 1982):  









where Rep is the particle Reynolds number of the sediment, given by the following 





 Equation 25 
The near-bed volumetric concentration of sediment, Cb, is found with the Wright-Parker 










 Equation 26 
where A is a constant that is taken to be 7.8 × 10−7 and Z which is found by (Wright and 
Parker, 2004): 




0.08 Equation 27 
where S is the slope and 𝑢∗𝑠 is the shear velocity of present at a given time in a cell 
multiplied by the square root of the fraction of shear stress that is skin friction due to bedforms. 
However, the current model assumes that bedforms are absent and this value can be taken simply 
as the shear velocity, 𝑢∗. 𝑓(𝑅𝑒𝑝) is simply a function of the particle Reynolds number of the 




0.6    𝑓𝑜𝑟 𝑅𝑒𝑝 ≤ 233.7
26.38     𝑓𝑜𝑟 𝑅𝑒𝑝 > 233.7
 Equation 28 
A collision frequency term and a coagulation efficiency term are used to describe the 
probability of coagulation between an oil droplet or OPA and sediment particles. The collision 
frequency term can be found by (Zhao et al., 2016): 
 𝛽 = 𝛽𝑠ℎ + 𝛽𝑠 Equation 29 
where 𝛽𝑠ℎ is a term that considers turbulent shear and 𝛽𝑑𝑠 accounts for differential 
settling between two spherical particles with diameters 𝐷𝑖 and 𝐷𝑗 , where these are the diameters 
of the oil droplet or OPA at a given time and the sediment particles. An additional term that 
accounts for Brownian motion could be considered, but is only significant for particles with a 












 Equation 30 
where 𝜈 is the kinematic viscosity of water at the given temperature of the cell and 𝜀 is 











)] Equation 31 
Keeping in mind that z is measured from the water surface and values within the water 
column take on negative values. The differential settling term for the collision frequency is given 






|𝑉𝑠𝑖 − 𝑉𝑠𝑗| Equation 32 
where 𝑉𝑠𝑖 and 𝑉𝑠𝑖 are the fall velocities of the oil droplet or OPA and the suspended 
sediment.  
The coagulation efficiency of collisions between oil droplets or OPA and sediment is 
taken to be the ratio of successful coagulation events to the total number of collisions between an 
oil droplet or OPA and surrounding suspended sediment particles at a given time and is given by 
(Zhao et al., 2016): 
 






) Equation 33 
where 𝑁(𝐷𝑝, 𝑡) is the number of sediment particles that are already attached to the oil 
droplet at the given time t, 𝐷𝑝 is the diameter of the suspended sediment particles, and 𝐷𝑜 is the 
diameter of the bare oil droplet. 𝐹𝑠𝑝 is a factor that accounts for the effects of particle shape and 
packing on coagulation (Zhao et al., 2016). These values described in parentheses are used to 
account for the decreased efficiency of coagulation as more particles attach to the oil droplet. 
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𝛼𝑠𝑡𝑎 is the stability ratio and describes the amount of successful coagulation events to the total 
number of collisions prior to any sediment attaching to the oil droplet’s surface. The stability 
ratio is a function of the change in free energy from one state to another (Zhao et al., 2016): 
 
𝛼𝑠𝑡𝑎 = 𝑒𝑥𝑝 (
1
Δ𝐹
)  𝑓𝑜𝑟 Δ𝐹 < 0 Equation 34 
where Δ𝐹 is a dimensionless change in free energy per unit surface area of a particle per 










sin2 𝜃 + 𝑁𝑝ℎ𝑒𝑥
1
2
(1 − cos 𝜃) cos 𝜃 Equation 35 
where 𝜃 is the three-phase contact angel between the oil droplet, the sediment particle, 
and the surrounding fluid and is assumed to be 60°. 𝐷𝑚 is the maximum diameter of an OPA 
when the maximum number of sediment particles are attached to the oil droplet. 𝑁𝑝ℎ𝑒𝑥 is the 
maximum number of sediment particles that can attach to the oil droplet in a hexagonal close-
packed arrangement (Zhao et al., 2016). The maximum OPA diameter and corresponding 


















 Equation 37 










3 Equation 38 
It is assumed that the volume of the OPA increases linearly. Therefore, the volume of an 




𝑉𝑂𝑃𝐴 = 𝑉𝑜 + (𝑉𝑂𝑃𝐴,𝑚𝑎𝑥 − 𝑉𝑜)
𝑁𝑝
𝑁𝑝ℎ𝑒𝑥
 Equation 39 
where 𝑉𝑜 is the initial volume of the oil droplet and 𝑁𝑝 is the number of particles attached 
to the oil droplet. The change in the number of sediment particles that are attached to an oil 
droplet in a given time step is (Zhao et al., 2016): 
 Δ𝑁𝑝(𝑡) = 𝛼(𝑡)𝛽𝑁𝑠𝑒𝑑 Equation 40 
where 𝑁𝑠𝑒𝑑 is the number of sediment particles at the location of the oil droplet or OPA 







𝑑𝑥 ∙ 𝑑𝑦 ∙ 𝑑𝑧 Equation 41 
where 𝐶𝑡+∆𝑡 is the volume concentration of sediment at time 𝑡 + ∆𝑡, 𝐶𝑡 is the volume 
concentration of sediment at time t, and 𝑉𝑂𝐿𝑠𝑒𝑑 is the volume of a sediment particle. The change 
in the longitudinal, lateral, and vertical coordinate from time 𝑡 + ∆𝑡 to time 𝑡 is dx, dy, and dz, 
respectively. 
2.11 Boundary Conditions 
Boundary conditions are applied to particles to ensure that they remain within the domain 
of the river at all times. Longitudinally, if a particle crosses the upstream or downstream 
boundary, an error message is sent to the user to change the inputs to the model. These 
parameters might include the spill location, simulation time, or length of the domain. Particles 
with lateral coordinates that exceed the width of the river are brought back to the river bank.  
Any particle that travels above the water surface is placed at the surface (z=0). OPA that 
come in contact or fall below the level of the river bed are placed at the bed and considered to 
have deposited. All deposited particles are subject to the resuspension conditions previously 
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described. Any oil droplets that come in contact with the bed are brought back into suspension 
similarly to OPA when the bed shear stress exceeds the critical value defined by the user.  
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CHAPTER 3: MODEL VALIDATION 
 
The new OPA formation module that has been introduced to FluOil can be validated by 
accepting the same hydraulic, oil, and sediment parameters and replicating the results of the 
experiments conducted by Jones and Garcia (2018). The model produced by Jones and Garcia 
(2018) used a random walk particle tracking scheme with the coagulation algorithms formulated 
by Zhao et al. (2016) to describe the formation, transport, and fate of oil droplets and OPA in 
fluvial environments.  
3.1 Assumptions of the Jones and Garcia (2018) Model 
Some of the assumptions made by Jones and Garcia (2018) are the same as those 
described earlier in this paper. However, it is worthwhile to explicitly state the assumptions made 
in these experiments and that they are met for replication. The assumptions are as follows (Jones, 
2018; Jones and Garcia, 2018): 
1. Oil droplets do not break up or adhere to each other. The size of the oil droplets input 
to the model is the final size of the oil droplets following a spill event (Zhao et al., 
2016). 
2. Sediment covers oil droplets in a uniform monolayer (Zhao et al., 2016). This 
assumption only models the formation of Type 1 OPA. Other classifications of OPA 
consist of multiple droplets of oil with sediment (Hayter et al., 2015) and are not 
considered in these experiments.  
3. OPA breakup can occur when there is high suspended sediment concentration and 
turbulence (Zhao et al., 2017). However, this mechanism is not well understood, 
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therefore, sediment particles that attach to oil droplets do not detach in this model 
(Zhao et al., 2016).  
4. The only type of collisions that result in coagulation are those between the suspended 
sediment and oil droplets or OPA (Zhao et al., 2016). Individual oil droplets or OPA 
do not interact in this model.   
5. A Rouse-Vanoni profile is used to describe a steady suspended sediment 
concentration profile that is at equilibrium (Garcia, 2008). Sediment particles are not 
tracked in this model, but the concentration of them can be determined by the 
elevation above the river bed.  
6. Once an OPA settles, it is no longer tracked in the model. Therefore, re-entrainment 
of OPA is not considered in these experiments. This can be achieved by defining an 
incredibly large critical bed shear stress in the FluOil platform.   
7. The model assumes that the domain is a rectangular channel and the flow is steady 
and uniform in the streamwise direction with constant mean velocity and depth.  
3.2 Experiments of Jones and Garcia (2018) 
Jones and Garcia (2018) considered six different hydraulic conditions by which oil 
droplets would coagulate with suspended sediment and be transported. Each condition describes 
a simple, steady, uniform flow in a rectangular flume while increasing mean flow velocity. These 




Table 1: The hydraulic conditions tested by Jones and Garcia (2018). 
 
The model developed by Jones and Garcia (2018) considered an oil spill that produced oil 
droplets with a size distribution shown in Fig. 1 that is applied to 1,000 particles. The 
experiments by Jones and Garcia (2018) also considered three types of oils that have a range of 
densities described by Table 2. 
 
 
Fig. 1: The oil droplet distribution considered by Jones and Garcia (2018). 
 
The three types of oil tested represent low, medium, and high-density oils that might be 





Table 2: The three types of oil that were studied by Jones and Garcia (2018). 
 
The final condition that needs to be incorporated into the FluOil model to replicate the 
work by Jones and Garcia (2018) is a uniform suspended sediment diameter of 50 μm. Each 
experiment simulated 5 hours since the oil spill and occurs at the water surface, halfway across 
the width of the virtual flume, which is taken to be 100 m in this experiment. 
3.3 Validation of New Coagulation Algorithms to FluOil Platform 
To validate the new coagulation module of FluOil, the longitudinal distribution and 
depositional results of the model will be compared to those of Jones and Garcia (2018). 
However, before confidence can be placed in these results, it is important to have validation on 
some intermediate steps within the model. Successfully recreating the suspended sediment 
concentration profile ensures that oil droplets and OPA are interacting with the correct number of 
sediment particles. Fig. 2 and Fig. 3 show the suspended sediment volume concentration profile 
reported by Jones and Garcia (2018) and produced by FluOil respectively and that they are 
identical. This volume concentration is the dimensionless concentration of sediment, or the 




Fig. 2: Suspended volumetric sediment concentration profiles at normalized depth for six flow speeds (Jones, 2018). 
 
 
Fig. 3: Suspended sediment volumetric concentration profiles at normalized depths for six flow speeds produced by 
FluOil at every flow speed. 
 
Another intermediate parameter computed within the model that directly affects 
movement of oil droplets and OPA and can be extracted to verify that the algorithm is the eddy 
viscosity profile. Fig 4 and Fig. 5 show the identical parabolic-constant eddy viscosity profiles 





Fig. 4: Parabolic-constant eddy viscosity profiles at normalized depth for test flow velocity (Jones, 2018) 
 
Fig. 5: Parabolic-constant eddy viscosity profiles at normalized depth for test flow velocity produced by FluOil. 
 
The longitudinal distribution plots produced by Jones and Garcia (2018) are produced for 
mean flow velocities of 0.3, 0.4, 0.5, and 0.6 m/s. The experiments with a mean velocity of 0.2 
m/s produced no deposition and the experiments with a mean velocity of 0.7 m/s produced 
similar distributions to those at 0.6 m/s, therefore, these distributions are not shown. These 
distribution plots are made for each of the oil densities tested and shown alongside the results of 
Jones and Garcia (2018) in Fig. 6 – Fig. 11. 
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Fig. 6 – Fig. 11 show that FluOil is able to successfully characterize the transport and 
deposition patterns according to Jones and Garcia (2018). The FluOil coagulation module is able 
to show that as flow velocity increases, more oil droplets form OPA and deposit more quickly 
after the spill event. High flow events produce higher levels of suspended sediment 
concentrations, increasing the number of possible collision events in each time step.  
While the FluOil coagulation module captures the general behavior of the collision-
aggregation and transport algorithms of Jones and Garcia (2018), comparing the values in Table 
2 to those Table 3 can lend more insight to the settling and transport of the Jones and Garcia 
(2018) model to the new module of the FluOil model respectively. For each of the six flows and 
three oil densities, these tables list the percent of oil droplets that have settled and the mass 
centroid of all deposited OPA. 
 
Table 3: The percentage of oil droplets that have settled and the mass centroid of downstream location of settled 
OPA at the end of the 5-hour simulation for each density of oil at each mean flow speed (Jones and Garcia, 2018). 
 
 
Table 4 shows that the coagulation kinematics module of FluOil deposits a very similar 
percentage of oil droplets as the model of Jones and Garcia (2018) in Table 3. At the lower 
velocities of 0.2 and 0.3 m/s, the FluOil model is unable to deposit any particles, while the model 
of Jones and Garcia (2018) shows very limited deposition at 0.3 m/s. On the other end of the 
velocity spectrum, both models reach a maximum percentage of deposited particles of 
approximately 68%.  
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The mass centroid of all OPA deposited by the FluOil algorithm decreases as the flow 
velocity increases. This relationship is consistent with the model of Jones and Garcia (2018), but 
the values are not quite in agreement. The FluOil model only slightly underestimates most of the 
results with significant deposition (0.4-0.7 m/s), but the values for the experiments at 0.5 m/s are 
noticeably underestimated. A possible explanation for this might be the way that resuspension is 
employed within the model. The FluOil deposition and resuspension algorithms occur 
immediately as a particle comes in contact with the bed. If the model of Jones and Garcia (2018) 
employed this at the start of each time step, there may have been some particles in contact with 
the bed at the end of the simulation that had not been resuspended, overestimating the deposition 
locations. 
 
Table 4: The percentage of oil droplets that have settled and the mass centroid of downstream location of settled 
OPA at the end of the 5-hour simulation for each density of oil at each mean flow speed produced in FluOil. 
Oil Density 
(kg/m³) Parameter 0.2 m/s 0.3 m/s 0.4 m/s 0.5 m/s 0.6 m/s 0.7 m/s 
820 
% of Particles Settled 0 0 27.7 47.4 68.0 68.0 
Mass Centroid of Settled 
Particles Downstream (m) 
N/A N/A 2265.5 960.6 843.2 542.4 
968 
% of Particles Settled 0 0 19.3 46.2 67.6 68.0 
Mass Centroid of Settled 
Particles Downstream (m) 
N/A N/A 2302.0 872.3 986.2 550.9 
1000 
% of Particles Settled 0 0 15.8 46.0 67.2 68.0 
Mass Centroid of Settled 
Particles Downstream (m) 
N/A N/A 2475.2 876.7 1169.2 550.1 
 
The new coagulation kinematics module of FluOil has been able to successfully recreate 
the transport, formation, and deposition of OPA behavior of the model developed by Jones and 
Garcia (2018). Similarly, to the findings of Jones and Garcia (2018), the FluOil coagulation 
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module also shows that the fate and transport of OPA is not significantly sensitive to the density 
of the oil spilled. While some of the results of the FluOil coagulation module do not exactly 
match those of Jones and Garcia (2018), the majority of parameters are come close and the 
desired patterns are captured.  
 
Fig. 6: Longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from South 






Fig. 7: FluOil longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from 





Fig. 8: Longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from silicon 




Fig. 9: FluOil longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from 





Fig. 10: Longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from 





Fig. 11: FluOil longitudinal distribution of suspended oil droplets, suspended OPA, and settled OPA produced from 
benzene-carbon tetrachloride at the end of the 5-hour simulation for flow velocities of 0.3, 0.4, 0.5, and 0.6 m/s. 
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CHAPTER 4: EXPERIMENTAL INPUTS & PARAMETERS 
 
The FluOil platform will be used to determine which conditions, if any, modeling OPA 
formation kinematics results in a different prediction of the depositional field or OPA plume than 
that of the constant OPA characteristic module. The following variables will be changed to 
examine whether or not the size of the oil droplet, the flow conditions, or the suspended sediment 
grain size can produce different results between the two modules. The constant OPA 
characteristic module operates under the assumption that OPA are formed instantaneously. 
Therefore, it is suspected that conditions that are favorable for quick OPA formation will reduce 
any difference between the modeling techniques. However, conditions that are not favorable for 
OPA formation will likely produce a distinct difference between predictions found from the two 
modules.  
4.1 Constant Parameters 
Parameters that can be changed by the user in FluOil will be kept constant. The water 
temperature will be assumed to be 20℃. The total simulation time will again be five hours. The 
time increment will be found by applying the Courant condition to the domain. OPA will not be 
re-entrained into the water column after coming in contact with the bed, while oil droplets will 
be resuspended. In other words, the critical bed shear stress to resuspend OPAs is set to a value 
that is never achieved throughout the simulation. A parabolic-constant vertical eddy diffusivity 
profile and a rough boundary log-law velocity profile will be applied to the water column. The 
density of the oil droplet is 985 kg/m3, which is within the range of Cold Lake Blend diluted 
bitumen oil density at some level of volatilization (Waterman and Garcia, 2015). Density of 
suspended sediment is 2650 kg/m3 which is consistent with quartz (Garcia, 2008). 
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4.2 Flow Conditions 
Two of the steady rectangular channels used by Jones and Garcia (2018) were used as 
modeling domains in this study. The rectangular channels with streamwise velocities of these 
two domains were 0.3 m/s and 0.6 m/s (Table 1). The goal of changing this parameter is to 
determine if high or low flow conditions produce different deposition results between the 
constant OPA characteristic module and the OPA coagulation kinematics module.  
Higher flow velocity will increase the suspended sediment concentration for a given grain 
size. The courant condition ensures that, on average, a given particle will travel through 
approximately the same amount of space, but the increased concentration of sediment particles 
increases the likelihood of coagulation (Fig. 2, Fig. 3, Fig. 12). Therefore, it would be suspected 
that higher flow conditions would produce more similar downstream location predictions of OPA 
between the two models.  
4.3 Suspended Sediment Grain Size 
Two different suspended sediment grain sizes have been used in previous models for type 
1 OPA. A suspended sediment grain size of 50 μm was used in early fluvial OPA formation and 
transport modeling (Jones, 2018; Jones and Garcia, 2018) and can be characterized as a coarse 
silt (Garcia, 2008). Another grain size of 10 μm was used to model some characteristics of Type 
1 OPA (Hayter et al., 2015) and can be characterized as a fine silt (Garcia, 2008).  
Fig. 12 shows that changing the suspended sediment grain size alone has a similar effect 
as changing the velocity. Smaller suspended sediment grain size produces higher suspended 
sediment concentration for a given flow condition. Another characteristic that is important to 
consider is that the smaller grain size used in this study remains at the same order of magnitude 
for both flow conditions. In addition, the profiles of fine silt are nearly vertical. Conversely, 
34 
 
coarse silt produces suspended sediment profiles that have concentrations near the surface that 
are nearly an order of magnitude less than that at the bed. In addition, the concentration profile is 
more than an order of magnitude more at higher flow than low flow.  
 
Fig. 12: Suspended sediment concentration for each grain size and flow velocity.  
 
4.4 Oil Droplet Diameter 
Oil droplets that form OPA come in a range of sizes. The choice of the oil droplet 
diameter is important because the resultant OPA’s fall velocity increases with droplet diameter, 
Do (See section 2.5 and 2.10). Table 5 shows that the diameter of suspended sediment particles 
attached to the oil droplet significantly affects the OPA fall velocity. OPA formed with coarse 
silt have fall velocities that are nearly four times greater than those formed from fine silt. Note 
that the maximum particle diameter does not increase linearly because of the packing of 
sediment and oil particles. The oil droplet diameter and sediment grain size are inputs to the 
OPA coagulation kinematics module while the maximum diameter and fall velocity are inputs to 
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Table 5: Fall velocity and ultimate diameter of OPA when the maximum number of sediment particles are attached 
to a given oil droplet. 
Do (μm) 
Ds = 10 μm Ds = 50 μm 
Vs (mm/s) Dm (μm) Vs (mm/s) Dm (μm) 
2000 16.80 2002 66.00 2010 
600 11.81 602 41.69 610 
350 8.39 352 28.85 361 
200 5.43 202 17.67 213 
140 4.30 142 12.30 154 
80 2.44 82 7.62 98 
 
Fig. 13 shows how the OPA fall velocity increases with increasing droplet diameter for 
the two suspended sediment grain sizes considered. It is also important to note that the fall 
velocity increases at a much higher rate when the suspended sediment diameter is 50 μm versus 
10 μm. The fall velocities computed are under the assumption that the maximum allowable 
number of sediment particles are attached to the oil droplet (Zhao et al., 2016). 
 




























CHAPTER 5: RESULTS & DISCUSSION 
 
In each of the experiments, 1000 oil droplets or OPA of a given size are spilled into the 
domain. The OPA coagulation kinematics module accepts a user defined suspended sediment 
grain size of either 10μ or 50μ while the OPA constant characteristics module accepts the 
corresponding maximum fall velocity (Table 5). The flow domains are steady river input files 
corresponding to mean streamwise velocities of 0.3 m/s and 0.6 m/s (Jones, 2018). Of the 48 
experiments run, all but four had 100% of the oil droplets or OPA deposit. The conditions of 
these four experiments are described in Table 6.  
Table 6: The four experiments that did not deposit 100% of particles.  





Centroid (m) Module 
Do 
(μm) Ds (μm) U (m/s) % Settled 
Kinematics 200 50 0.3             2,615.3  61.7          3,730.6  
Kinematics 140 50 0.3             1,911.6  0.3          5,488.9  
Kinematics 80 50 0.3                     -    0.0          5,483.1  
Kinematics 80 50 0.6                     -    0.0         10,984.0  
 
5.1 Suspended Sediment Grain Size 
When the suspended sediment grain size considered is 50 μm, there is a notable 
difference in the fate and transport of contaminated particles if the formation kinematics are 
considered or not. The downstream mass centroid of particles is used as a measure of how each 
module transports oil. The mass centroid is that of all oil droplets, even those still in suspension 
after the 5-hour simulation. Fig. 14 shows that modeling oil droplet coagulation with coarse silt 
allows particles to travel further downstream than if the OPA constant characteristics module 
was used.  
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While modeling OPA formation shows to be a significant consideration when the 
suspended sediment diameter is coarse silt, this was not the case for oil droplets coagulated with 
fine silt with a diameter of 10 μm. For each oil droplet diameter, the downstream mass centroid 
predicted by the constant OPA characteristics module was nearly identical to the prediction made 
when the coagulation kinematics were considered (Fig. 15). 
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Fig. 15: Downstream mass centroid for each oil droplet diameter coagulated with 10 μm suspended sediment. 
 
5.2 Flow Velocity 
The difference of downstream mass centroids between the OPA coagulation kinematics 
module and the constant OPA characteristics module is plotted for each oil droplet size in Fig. 
16. This exercise reinforces that the differences between the two modules are of a small 
magnitude when the suspended sediment diameter is 10 μm and is of a significantly larger 
magnitude when the suspended sediment diameter is 50 μm. For the larger sediment, the 
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Fig. 16: Absolute difference of the downstream centroid between the two modeling techniques.  
 
When the mean velocity of the channel is 0.3 m/s the suspended sediment concentration 
of coarse silt is lower than when the speed is doubled to 0.6 m/s (Fig. 12). Modeling the 
kinematics of oil droplet-sediment coagulation is most important in this scenario because the 
suspended sediment concentration is the lowest at the spill location, which is at the water surface 
in these experiments. The lower concentration of sediment means that for a given time step, 
fewer collision events occur, so particles remain buoyant for longer and travel further 
downstream before they collect enough sediment to settle to the bed.  
5.3 Oil Droplet Diameter 
Fig. 14 & Fig. 15 show that oil droplets settle further upstream as the oil droplet diameter 
increases. Fig. 13 shows that as the oil droplet size increases, the ultimate fall velocity when the 
maximum amount of sediment attaches increases as well. Fig. 16 shows that for the range of oil 
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modeling techniques decreased by an order of magnitude from the smallest oil droplet to the 
largest when the larger sediment size is considered. 
Modeling the coagulation of oil droplets and sediment is important to consider when the 
ratio of oil droplet diameter to suspended sediment diameter is small. In the case of 80 μm oil 
droplets and 50 μm suspended sediment, none of the oil droplets had deposited. While the 
coagulation algorithm allow for the two particles to form, that is, there is a negative change in 
free energy from oil droplet to OPA, the suspended sediment concentration is not large enough 
for the particles to coagulate enough to create negatively buoyant particles that settle to the bed 
in the simulation time. In other words, the stability ratio is very low, so the number of sediment 
particles that the oil droplet comes in contact with would have to be very high.  
5.4 Discussion 
These experiments have shown that the prediction of the downstream oil location made 
by the constant OPA characteristic module and the OPA coagulation kinematics module are the 
most similar when the flow is high, the suspended sediment particles are small, and the oil 
droplets are large. Conversely the predictions are most different when the flow is low, the 
suspended sediment is large, and the oil droplets are small.  
The largest oil droplet diameter presented in this study is taken from the work of Hayter 
et al. (2015) and that description of type 1 OPA. However, previous work explored type 1 OPA 
that tended towards the smaller oil droplet diameters ranging from 20 μm to 200 μm (Zhao et al., 
2016; Jones, 2018; Jones and Garcia, 2018). The experimental work of Waterman and Garcia 
(2015) produced OPA from mixing Cold Lake Blend diluted bitumen and sediment collected 
from the Kalamazoo River in orbital shaker tests. The largest droplets produced from these tests 
were over 300 μm in diameter, while most of the droplets were less than 100 μm. While it is 
41 
 
unlikely that oil droplets break off of an oil slick in a uniform diameter, much of the literature 
considers oil droplets that are on the smaller end of the spectrum of those tested in this research.  
The suspended sediment concentration and flow velocity inputs to the FluOil model will 
be specific to the reach of river is in question. A modeler will need to know which conditions are 
applicable to the river of study at the time of the spill. There could be a significant difference in 
the locations predicted by the two modules presented here if the spill occurs during a low flow 
condition. However, the choice of module will matter much less if the spill occurs during a 
significant flood event.  
Similar to the oil droplet size, the grain size of suspended sediment is unlikely to be 
completely uniform and may even vary within the water column. However, it will be very 
important to consider the what the suspended sediment concentration profile looks like and what 
the representative diameter of particles in the water column are. Considering the coagulation of 
oil and sediment will produce different results from the constant OPA characteristics module if 
the suspended sediment concentration in the river in question is low and/or the diameter of 
sediment is large. However, the types of modeling will likely produce similar results if the 
concentration of sediment is very large and the diameter is small.    
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CHAPTER 6: ILLINOIS RIVER CASE STUDY 
 
To explore how choices of modeling inputs can affect the predictive results of the FluOil 
model, a case study is devised to demonstrate “best”- and “worst-case” scenarios in a real river 
model. In other words, two scenarios are explored to show how depositional beds of OPA can be 
similar or very different dependent on the input parameters to the different modules. An unsteady 
Illinois River model will be used to demonstrate how some inputs to the OPA coagulation 
kinematics module can produce results that are significantly different than those produced by the 
constant OPA characteristics module. Likewise, it will be demonstrated that in other scenarios, 
the inputs to the new coagulation module do not make predictions that are different than those 
made by the previous modeling techniques of FluOil.  
6.1 Constant Parameters 
For all experiments, parameters that users could vary in the FluOil platform are kept 
constant. Temperature for all tests is assumed to be 20℃, vertical turbulent diffusivity takes a 
parabolic constant profile, and the rough-bottom boundary log-law velocity profile is used. The 
density of the suspended sediment is 2650 kg/m3, which is consistent with quartz (Garcia, 2008). 
The maximum allowable time step is used for each test, although FluOil does allow a user to 
define a time step less than this value. Resuspension of OPA will not be considered for these 
tests.   
The density of the oil that is used in the Type 1 OPA description by Hayter et al. (2015) 
can be calculated as approximately 985 kg/m3. The density of this oil is within the range of Cold 
Lake Blend diluted bitumen oil at some state of volatilization that was spilled in the Kalamazoo 
River in 2010 (Waterman and Garcia, 2015). In addition, this density is within the range tested 
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by Jones and Garcia (2018), which demonstrated that the density of the oil tested did not 
significantly affect the formation and transport of OPA and has been corroborated by this 
research.  
6.2 Flow Conditions 
The flow conditions applied to the Illinois River domain will demonstrate the unsteady 
flow capabilities of the FluOil model. The hydrograph at the upstream end of the domain 
describes a 48-hour period from June 17-18, 2015. This hydrograph can roughly be characterized 
by a high-flow period in the first 24 hours and a low-flow period for the second 24 hours (Fig. 
17).  
 
Fig. 17: Hydrograph of the unsteady Illinois River model at the upstream location at Lockport Powerhouse. 
 
6.3 River Domain & Spill Location 
The domain in which the experiments are conducted is extracted from a HEC-RAS model 
of the Illinois River from the Lockport Powerhouse to the confluence with the Mississippi River 






Fig. 18: HEC-RAS model of the Illinois River used in this study. 
 
It is assumed that the model can be characterized by a series of rectangular cells (Fig. 
19). Hydraulic characteristics - such as mean flow velocity - of each cell can be updated to the 




Fig. 19: The first 100 cells of the Illinois River domain produced by FluOil. Darker shaded cells indicate higher 
mean flow velocities. 
 
The location of the spill will occur at the upstream end of the domain at the Lockport 
Powerhouse (Fig. 20). There are several hazardous liquid pipelines upstream of the domain, 
including an Enbridge crude oil pipeline (US DOT, 2020a). 
 
Fig. 20: Experimental spill location at Lockport Powerhouse. Red lines show locations of upstream liquid 






6.4 Case Study Inputs 
The goal of these additional experiments is to demonstrate how the findings of this 
research can be applied to a real modeling scenario. While the Illinois River model will be used 
for this demonstration, the inputs are purely hypothetical. The two scenarios that are explored 
here can roughly be described as a “best” and a “worst” case scenario. More specifically, the 
“best” case investigates oil droplet, flow, and suspended sediment inputs that would produce 
similar results between the two OPA transport modules. In other words, modeling oil-sediment 
collision and aggregation is not important. The “worst” case scenario describes oil droplet, flow, 
and suspended sediment inputs that would produce noticeably different predictions from the 
OPA coagulation kinematics module and the constant OPA characteristics module. In this case, 
modeling the dynamics of OPA formation are important for accurately predicting the 
downstream destination of a mass of oil. 
It has been demonstrated that considering the formation of OPA produces different OPA 
transport predictions than when it is not considered when the flow is relatively low. Therefore, to 
capture this “best” case scenario, the simulation will take place at the start of the first 24 hours of 
the hydrograph, at relatively high flow. Conversely, the “worst” case scenario will be simulated 
at the start of the last 24 hours of the simulation, where the flow is reduced by approximately 200 
m3/s. The mean velocity magnitude in the first cell is 0.982 m/s and 0.695 m/s respectively for 
the high and low flow scenarios. 
The suspended sediment diameter will be 10 μm for the “best” case scenario. In this 
event, the Rouse-Vanoni profile will be close to vertical, concentrations will be high, and the 
smaller sediment will more readily attach to oil particles. All of these characteristics mean that 
OPA will form very quickly, and the assumptions of the constant OPA characteristic module will 
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more closely resemble those of the OPA coagulation kinematics module. In the “worst” case, the 
suspended sediment diameter input to the module will be 50 μm and there should be a noticeable 
difference between predictions made by the two modules over the 24-hour simulation. 
The oil droplet chosen to demonstrate the “best” case scenario and reduce any difference 
between the two modeling techniques will be 1000 μm. The demonstration of the “worst” case 
scenario will accept oil droplets with a diameter of 100 μm as input to the model, or OPA formed 
from such droplets (Table 7). This smaller oil droplet is an order of magnitude smaller than the 
one that is being tested in the “best” case, but it will certainly coagulate at some rate with 50 μm 
suspended sediment. 1000 oil droplets or OPA will be spilled into the river domain in both cases. 
 
Table 7: Variable inputs to the OPA coagulation kinematics module and the constant OPA characteristics module 
for the “best” and “worst” case modeling scenarios. 
Input Type 
"Best" Case "Worst" Case 
Kinematics Constant Kinematics Constant 
Oil Droplet / OPA Diameter (μm) 1000 1002 100 116 
Fall Velocity (mm/s) - 14.92 - 8.58 
Suspended Sediment Diameter (μm) 10 - 50 - 
Flow Magnitude High High Low Low 
 
6.5 Case Study Results 
For all cases, explored in this section, 100% of particles deposit by the end of the 
simulation. The “best” case scenario results show that under the conditions tested, modeling the 
OPA coagulation kinematics does not yield results of a significant difference from running the 
constant OPA characteristics module under the same circumstances. The longitudinal 
distribution of OPA predicted by both modules are nearly identical and considering OPA 




Fig. 21: Predicted downstream transport and subsequent deposition of OPA by the constant OPA characteristics 
module and the OPA coagulation kinematics module considering “best” case scenario. 
 
On the other hand, when the “worst” case scenario of model inputs is considered, the 
predicted distribution of deposited OPA varies significantly from one modeling technique to the 
next. Fig. 22 shows how considering OPA formation can cause the distribution of OPA to be 
spread out over a long range while using constant OPA characteristics predicts a high 




Fig. 22: Predicted downstream transport and subsequent deposition of OPA by the constant OPA characteristics 
module and the OPA coagulation kinematics module considering “worst” case scenario. 
 
This case study of the Illinois River has shown that under different conditions of oil 
droplet diameter, suspended sediment grain size, and flow velocity, modeling OPA formation 
may or may not matter. Table 8 shows the mean location of OPA predicted in the Illinois River 
for the four tests. While the mean location is several hundred meters further downstream under 
the “worst” case scenario, it is important to note that the maximum extent of OPA deposition 
was a few kilometers further downstream when OPA formation was considered in this scenario 
as opposed to when it was not. It is important to note that while this case study used actual flow 
and geometry from the Illinois River, the oil droplet and sediment input are not predictors of 
what would actually occur in the river. These tests are only to demonstrate the importance of 
knowing which inputs are appropriate when making assumptions and using this model for rapid 




Table 8: Mean location of deposited OPA in each case and the difference between predictions made by both 
modules. 
Mean Location of Deposited OPA Downstream (m) 
Condition "Best" Case "Worst" Case 
OPA Coagulation Kinematics Module 324 290 
Constant OPA Characteristics Module 989 343 




CHAPTER 7: CONCLUSIONS 
 
A module that models the formation of OPA has been included within an OPA fate and 
transport model known as FluOil. This is an improvement over the work of Jones and Garcia 
(2018), because this model is user friendly and can explore more complex, unsteady flows. It is 
also an improvement to the previous version of FluOil (Soong et al., 2018), because of the 
consideration of OPA coagulation. The goal of this research was to determine if this new module 
is an improvement to the previous module which considers OPA formation occurring instantly 
and accepts prescribed OPA diameter and fall velocity. It has been shown that the magnitude of 
the flow velocity in a reach is an important consideration when choosing whether or not to model 
OPA formation. When the flow velocity is low, there is a considerable difference in the 
downstream prediction of OPA transport between the two models. Modeling OPA formation is 
also important if the suspended sediment grain size is large. When the suspended sediment has a 
large diameter, concentrations at the surface are low and oil droplets are able to travel further 
downstream before forming dense particles and settling to the bed. The difference of predicted 
locations of OPA between the two modeling techniques is also dependent on the oil droplet 
diameter that is considered. Small oil droplets do not form OPA as readily as larger droplets with 
a given sediment grain size and ultimately have a smaller fall velocity.  
The knowledge gained from the experiments conducted in this research regarding how 
certain parameters can affect predictions made by the two FluOil modules was then applied to 
more realistic flow conditions. An unsteady HEC-RAS model of the Illinois River was used to 
show how modeling OPA formation is largely unnecessary when sediment grain size, oil droplet 
diameter, and flow magnitude are favorable to OPA formation. However, when the inputs of 
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these parameters make formation of OPA more difficult, assuming that OPA form 
instantaneously can underestimate the maximum extent of the OPA depositional field by a few 
kilometers when compared to the extent predicted when the kinematics of OPA formation is 
taken into consideration.  
While a more robust model for predicting the fate and transport of OPA has been 
developed, there are still knowledge gaps that are currently not modeled that could affect the 
predictions of OPA transport. Future work should focus on the break-up of oil droplets from the 
initial oil slick and how OPA that meet the bed may be re-entrained. Oil slick modeling would 
require oil droplets to be introduced to the domain through space and time as opposed to an 
instant, point source. Re-entrainment of OPA can be modeled by FluOil, but only through the use 
of a user-defined critical bed shear stress that may be surpassed in a cell at a given time. While 
this effect can be achieved, the dynamics of what causes OPA resuspension should be modeled 
on the basis of actual experimentation. Future development of FluOil could include these 
aforementioned considerations as well as accepting input of field measurements of suspended 
sediment concentration, non-uniform suspended sediment grain sizes, and time and space 






Bandara, U., Yapa, P., and Xi, H. (2011). “Fate and transport of oil in sediment laden marine 
waters”. Journal of Hydro-environment Research. 5(3), pp. 145-156. 
 
BLS. (2020). “Oil and Gas Extraction: NAICS 211” U.S. Bureau of Labor Statistics. 
https://www.bls.gov/iag/tgs/iag211.htm 
 
Dietrich, W. (1982). “Settling Velocity of Natural Particles”. Water Resources Research. Vol. 
18, pp. 1615-1626. 
 
EPA. (2017). “EPA Response to Enbridge Spill in Michigan”. United States Environmental 
Protection Agency. https://www.epa.gov/enbridge-spill-michigan. 
 
EPA. (2016). “FOSC Desk Report for the Enbridge Line 6B Oil Spill Marshall, Michigan”. 
Enbridge Spill Response Timeline. 
 
Fischer, H.B., List, E., Koh, R., Imberger, J., Brooks, N. (1979). “Mixing in Inland and Coastal 
Waters”. Academic Press, New York, NY 
 
Fitzpatrick, F.A., Boufadel, M.C., Johnson, R., Lee, K., Graan, T.P., Bejarano, A.C., Zhu, Z., 
Waterman, D., Capone, D.M., Hayter, E., Hamilton, S.K., Dekker, T., Garcia, M.H., and Hassan, 
J.S. (2015a). “Oil-particle interactions and submergence from crude oil spills in marine and 
freshwater environments—Review of the science and future science needs: USGS Open-File 
Report”. 2015-1076, 33 p. 
 
Fitzpatrick, F.A., Johnson, R., Zhu, Z., Waterman, D., McCulloch, R., Hayter, E., Garcia, M.H., 
Boufadel, M.C., Dekker, T., Hassan, J.S., Soong, D.T., Hoard, C.J., and Lee, K. (2015b). 
“Integrated modeling approach for fate and transport of submerged oil and oil-particle aggregates 
in a freshwater riverine environment: Proceedings, SEDHYD2015”. Conference, Reno, NV. 
 
García, M., and G. Parker. (1991). “Entrainment of bed sediment into suspension”. Journal of 
Hydraulic Engineering, 117(4) pp. 414-435. 
 
García, M.H., and G. Parker (1993). “Experiments on the Entrainment of Sediment into 
Suspension by a Dense Bottom Current,” AGU Journal of Geophysical Research (oceans), 
98:C3, 4793-4807. 
 
García, M.H. (Editor-in-Chief) (2008), Manual of Engineering Practice 110, “Sedimentation 
Engineering: processes, measurements, modeling and practice,” American Society of Civil 




Garcia, T., Jackson, P.R., Murphy, E.A., Valocchi, A.J., Garcia, M.H. (2013). “Development of a 
Fluvial Egg Drift Simulator to evaluate the transport and dispersion of Asian carp eggs in rivers”. 
Ecological Modelling, 263, pp 211-222. 
 
Gong, Y., Zhao, X., Cai, Z., O’Reilly, S., Hao, X., and Zhao, D. (2014). “A review of oil, 
dispersed oil and sediment interactions in the aquatic environment: Influence on the fate, 
transport and remediation of oil spills”. Marine Pollution Bulletin. 79, pp. 16-33. 
 
Great Lakes Commission, 2015, Issues and trends surrounding the movement of crude oil in the 
Great Lakes-St. Lawrence River Region: Ann Arbor MI, Great Lakes Commission. 
 
Hayter, E., McCulloch, R., Redder, T., Boufadel, M., Johnson, R., and Fitzpatrick, F. (2015). 
“Modeling the transport of oil particle aggregated and mixed sediment in surface waters”. ERDC 
Technical Report. 
 
Jones, L., & Garcia, M. H. (2018a). “Development of a Rapid Response Riverine Oil–Particle 
Aggregate Formation, Transport, and Fate Model”. Journal of Environmental Engineering, 
144(12), 04018125. doi: 10.1061/(asce)ee.1943-7870.0001470 
 
Jones, L. (2018b). “Development of a Rapid Response Riverine Oil–Particle Aggregate 
Formation, Transport, and Fate Model”. M.S. Thesis. University of Illinois at Urbana-
Champaign. 
 
Khelifa, A., Hill, P.S., and Lee, K. (2005a). “The role of oil-sediment aggregation in dispersion 
and biodegradation of spilled oil, in Al-Asab, M., El-Shorbagy, W., and Al-Ghais, eds.”. Oil 
Pollution and its Environmental Impact in the Arabian Gulf Region: Chapter 10, p. 131-145. 
 
Khelifa, A., Hill, P.S., and Lee, K. (2005b). “A comprehensive numerical approach to predict 
oil-mineral aggregate (OMA) formation following oil spills in aquatic environments: 
Proceedings International Oil Spill Conference”, May 2005, 
http://ioscproceedings.org/doi/abs/10.7901/2169-3358-2005-1-873 
 
Lee, K. (2002). “Oil-particle interactions in aquatic environments: Influence on the transport, 
fate, effect and remediation of oil spills”. Spill Sci. Technol. Bull. 8(1), pp. 3-8 
 
Nezu, I. (2005). “Open-Channel Flow Turbulence and Its Research Prospect in the 21st 
Century”. Journal of Hydraulic Engineering. 131, pp. 229-246. 
 
Rouse, H. (1939). “Experiments on the mechanics of sediment suspension”. Proceedings 5th 
International Congress on Applied Mechanics. Cambridge, MA, 550-554. 
 
Singh, S. (2012). Experiments in Hydraulic Engineering. “Velocity Distribution in Channels”. 
PHI Learning. 
 
Soong, D., Zhu, Z., Fitzpatrick, F., Garcia, T., García, M.H. (2018). Modeling the Transport of 




US DOT. (2020a). “National Pipeline Mapping System” Pipeline and Hazardous Materials 
Safety Administration. U.S. Department of Transportation. https://www.npms.phmsa.dot.gov/ 
 
US DOT. (2020b). “Table 1-10: U.S. Oil and Gas Pipeline Mileage”. Bureau of Transportation 
Statistics. U.S. Department of Transportation. https://www.bts.gov/content/us-oil-and-gas-
pipeline-mileage 
 
Van Rijn, L. (1984). “Sediment Transport, Part II: Suspended load transport”. Journal of 
Hydraulic Engineering. ASCE. 110(11), pp. 1613-1641. 
 
Visser, A.W. (1997). “Using random walk models to simulate the vertical distribution of 
particles in a turbulent water column”. Marine Ecology Progress Series 158, pp 275-281. 
 
Waterman, D. and Garcia, M. (2015). “Laboratory Tests of Oil-Particle Interactions in a 
Freshwater Riverine Environment with Cold Lake Blend Weathered Bitumen”. Civil 
Engineering Studies, Hydraulic Engineering Series No 106, ISSN: 0442-1744 
 
Wright, S. and G. Parker. (2004). “Flow resistance and suspended load in sand-bed rivers: 
simplified stratification model”. Journal of Hydraulic Engineering, 130(8), pp. 796-805. 
 
Yapa, P., Shen, H., and Angammana, K. (1994). “Modeling oil spills in a river-lake system”. 
Journal of Marine Systems. 4(6), pp. 453-471. 
 
Zhu, Z. (2015). “Modeling the Transport and Fate of Oil-Particle Aggregates After an Oil Spill 
in Inland Waterways”. Doctoral Dissertation. University of Illinois at Urbana-Champaign. 
http://hdl.handle.net/2142/89135. 
 
Zhao, L. Boufadel, M., Katz, J., Haspel, G., Lee, K., King, T., and Robinson, B. (2017). “A New 
Mechanism of Sediment Attachment to Oil in Turbulent Flows: Projectile Particles”. Environ. 
Sci. Technol. 51(19), pp. 11020-11028. 
 
Zhao, L., Boufadel, M., Geng, X., Lee, K., King, T., Robinson, B., Fitzpatrick, F. (2016). 
“ADROP: A predictive model for the formulation of oil particle aggregates (OPAs)”. Marine 
Pollution Bulletin. http://dx.doi.org/10.1016/j.marpolbul.2016.02.057 
 
Zhao, L., Torlapati, J., Boufadel, M., King, T., Robinson, B., and Lee, K. (2014). “VDROP: A 
comprehensive model for droplet formation of oils and gases in liquids – Incorporation of the 
interfacial tension and droplet viscosity”. Chemical Engineering Journal. 253, pp. 93-106. 
 
Zheng, L. and Yapa, P. (2000). “Buoyant Velocity of Spherical and Nonspherical 
Bubbles/Droplets”. Journal of Hydraulic Engineering. 126(11). pp. 852-854. 
